[Abstract] Membrane fluidity is a key parameter of bacterial membranes that undergoes quick adaptation in response to environmental challenges and has recently emerged as an important factor in the antibacterial mechanism of membrane-targeting antibiotics. The specific level of membrane fluidity is not uniform across the bacterial cell membrane. Rather, specialized microdomains associated with different cellular functions can exhibit fluidity values that significantly deviate from the average.
factor that distinguishes these specific domains from the rest of the membrane. This is achieved by enrichment of fluidizing lipid species, i.e., branched-chain, unsaturated, and short-chain fatty acidcontaining lipids. Bacteria can adapt their membrane fluidity by changing the ratios of branched/nonbranched, unsaturated/saturated, and short-chain/long-chain fatty acids. In B. subtilis, lipid desaturation (rapid adaptation) and adjusting the ratio of iso and anteiso branched chain fatty acids (long-term adaptation) are the main mechanisms to adapt membrane fluidity in response to environmental challenges (Beranova et al., 2008; Kingston et al., 2011) .
Recently, it has emerged that membrane fluidity and membrane domains of specific fluidity play a key role in the mechanism of action of membrane-active antibiotics (Epand and Epand, 2009; Müller et al., 2016; Saeloh et al., 2018) . Therefore, it is crucial to be able to assess changes in both overall membrane fluidity and membrane domains when studying the in vivo activity of these compounds. We have recently established protocols for measuring membrane fluidity using two different fluorescent membrane probes, laurdan ( Figure 1A ) and DiIC12 ( Figure 1B ) (Strahl et al., 2014; Müller et al., 2016; Saeloh et al., 2018) .
Laurdan is a fluorescence probe that intercalates into the membrane bilayer and displays an emission wavelength shift depending on the amount of water molecules in the membrane (Parasassi and Gratton, 1995; Sanchez et al., 2007) .
Laurdan generalized polarization (GP) can therefore be used as a reporter for head group density and fatty acyl spreading ( Figure 1C ). Laurdan fluorescence can be measured in a fluorescence plate reader and allows both end-point and kinetic measurements. It works well in 96-well plate format and allows relatively high throughput screening. Laurdan fluorescence can also be visualized under the microscope and used for single-cell analysis. It can further be employed for measuring the fluidity of liposomes, which can be important to distinguish direct and indirect antibiotic effects.
DiIC12 displays affinity for membrane areas of increased fluidity due to its short hydrocarbon tail (Baumgart et al., 2007; Zhao et al., 2013) . Since fluid membranes are typically thinner (Reddy et al., 2012; Karabadzhak et al., 2018) , it can be used as a reporter for membrane thickness and fluidity ( Figure   1D ). DiIC12 has been of key importance in the discovery of RIFs, fluid membrane microdomains that harbor the cell wall synthetic machinery in B. subtilis and E. coli (Strahl et al., 2014; Müller et al., 2016; Oswald et al., 2016) . These domains are easily disturbed by membrane-active antibiotics and appear to play a key role in the mechanism of action of the last resort antibiotic daptomycin and the new antibiotic candidate rhodomyrtone (Müller et al., 2016; Saeloh et al., 2018) . DiIC12 is ideally suited to visualize fluid membrane domains, whether natural or antibiotic-induced, in living cells. It can, however, also be used to stain liposomes. Together, laurdan and DiIC12 constitute a very useful assay combination to study both overall membrane fluidity and membrane domain formation in bacteria. We here describe affinity for fluid membranes due to its short hydrocarbon tail, which is better accommodated in flexible, thin lipid bilayers. As a result, the dye accumulates in fluid membrane regions (RIFs). Note that due to better readability, dyes and lipids are not depicted to scale (dyes would be smaller). For optimal reproducibility, all experiments of one series should be performed with the same stock. iii. Grow at the desired temperature until the desired cell density (standard: 30 or 37 °C, log phase) (Note 5).
Materials and Reagents
iv. Add 10 µM laurdan from 1 mM working solution and incubate for 10 min. 
Laurdan microscopy
Laurdan microcopy requires a fluorescence light microscope with a high quality 100x oil immersion objective with correction for chromatic aberration (see Step A2a), a temperature chamber, and a specific set of filters. 350 nm excitation and 440 nm emission are usually covered by standard DAPI filter sets. For the second emission wavelength a special filter set with the exact same excitation filter and dichroic mirror as the DAPI set, but an emission filter that covers 500-540 nm, is necessary (see filters described in the Equipment section). Since temperature-dependent changes in membrane fluidity happen rapidly, a temperature-controlled chamber is of key importance for reliable and reproducible results.
a. Microscope calibration
For laurdan microscopy, a separate picture is taken for each emission wavelength. For correct GP calculation a perfect overlay of these pictures is essential. Therefore, it is necessary to determine wavelength-dependent differences in magnification and z-offset prior to laurdan microscopy experiments. These aberrations depend on the objective type and can be greatly reduced using a high-quality objective with a high degree of chromatic aberration correction, such as the Nikon APO or Zeiss APOCHROMAT series. In our laurdan setup using a Nikon CFI Plan Apochromat objective (see Equipment section for details on the objective and filters), chromatic aberration is neglectable. Calibration only needs to be done once the objective or filters are changed.
i. Prepare a microscope slide covered with a 1.2% agarose film (Note 15) and spot an appropriate dilution of multicolor fluorescent beads (e.g., TetraSpeck).
ii. Select a field of view with beads located close the edges of the field.
iii. Perform a z-stack (200 nm step size, 5 µm depth) with both wavelengths. Since GP values will be calculated for any pixel, it is important to apply an individual background correction for each picture. However, nonsense GP values will still appear in the cytoplasmic space of the cells and for the untrained eye it can be difficult to distinguish the cell membrane from the rest of the cells. It is therefore helpful to create an overlay of the laurdan GP picture 
Data analysis
A. Laurdan Spectroscopy 1. Calculate Laurdan GP according to the formula: GP = (I460 -I500)/(I460 + I500).
For kinetic measurements plot GP against time.
See Figure 3 for examples of end-point and kinetic measurements of B. subtilis, S. aureus, and liposomes. Figure 4 shows the reproducibility of the assay using the example of kinetic fluidity measurements of B. subtilis treated with the antimicrobial peptides MP196 and gramicidin S (Wenzel et al., 2014) . Table 1 shows data of an exemplary end point experiment.
www 2. Open pictures in ImageJ. Make sure picture 'A' is opened first, followed by picture 'B'.
3. Correct the image size using the correction value determined from microscope calibration (see
Step A2a Microscope calibration). picture (see Figure 6D ). Note that these modifications only change the visualization of the data but not the GP values themselves. Table (LUT) to 'Rainbow RGB'.
Set Lookup
9. Edit LUT -> Open -> GP map.lut (Supplementary File 4) .
10. The picture now shows the GP values when going over the picture with the cursor.
11. Save this picture and use it for all quantification purposes, such as line scans etc. When opened in other image software, it will appear in grayscale.
12. For display purposes, export the picture as RGB TIFF. This picture should be used for display purposes only, since RGB color format eliminates the GP information.
Notes
1. Spectroscopic laurdan measurements can be performed in 96-well format and are in principle suitable for high throughput approaches. However, constant temperature and oxygen supply during sample handling and measurements must be ensured. In case of B. subtilis and other species with a similar sensitivity to oxygen depletion, cells cannot be stopped from shaking for longer than maximum 2 min. This must be kept in mind when designing the experiment (e.g., with respect to measurement intervals and shaking times in the plate reader).
2. These assays have been established and optimized for B. subtilis but can be easily adapted for other Gram-positive organisms (see S. aureus, Figure 3D ). For Gram-negative bacteria the outer membrane should be permeabilized, e.g., by addition of polymixin B nonapeptide.
3. Incubation in a water bath provides better temperature stability than incubation in dry shakers or temperature chambers. 6. While the effects of centrifugation on membrane fluidity have not yet been studied directly, it is possible that centrifugal force influences the cell membrane. Therefore, we do not recommend higher centrifugal force than necessary to produce a solid cell pellet and suggest to keep centrifugation times at a minimum. 10. If constant temperature and aeration is ensured, e.g., by using a thermomixer with microtiter plate holder, antibiotic treatment can more simply be performed in the microtiter plate directly.
To this end, simply use the procedure described for 'kinetic measurements with antibiotics' and perform an end point instead of kinetic measurement.
11. Kinetic measurements require the presence of glucose in the laurdan buffer in order to keep cells energized and membranes polarized during the 30 min measurement. Longer measurements are not recommended. However, it is possible to take separate samples at any time point, stain, wash, and make a one-point measurement. Using a clear culture medium prevents this problem. However, be aware that different growth media drastically change membrane fluidity ( Figure 3A ).
12. An OD600 of 0.4 at the time of the measurement is required to keep the measurements stable over time. Lower ODs result in unstable (continuously decreasing or 'jumping') GP values in untreated control cells.
13. It depends on the lipid mixture (since laurdan inserts better into more fluid membranes), liposome preparation method, plate reader, and quality of the stain, how much the sample has to be diluted. Therefore, it is advisable to run a test sample prior to running the actual experiment. 19. Oxygen depletion, e.g., by keeping the cells under the coverslip for too long, leads to membrane depolarization, which also leads to fluid membrane patches (Strahl and Hamoen, 2010; Strahl et al., 2014) . It is advised to finish microscopy within 10-15 min after mounting the cells to avoid such artifacts. Always image the untreated control first. Then after finishing with the last sample, examine it again for any signs of aberrant membrane stains due to oxygen depletion. Exposure times may vary depending on the light source and filters, but need to be the same for both channels.
20. After 2x 1 s of fluorescence light exposure the laurdan dye is moderately affected by photobleaching. Since a good signal-to-noise ratio is important for good GP calculation, the same area should only be exposed once per channel. We typically reach a signal-to-noise ratio of at least 5:1 with untreated control cells in both channels.
21. Overnight cultures should not be overly stationary or even in death phase, since this results in longer lag phase and might affect RIFs.
22. Do not add DiIC12 to glassware, since it largely irreversibly stains glass surfaces. 26. DiIC12 tends to form large precipitates resulting in a strong background. Cells need to be washed thoroughly to reduce this background to a minimum. When following a time course, it might be necessary to wash the samples again immediately prior to microscopy.
27. A good stain with a proper Cy3 filter cube will only require 50-300 ms exposure time. Since
DiIC12 is also detected in the mCherry channel, it cannot be used together with red-fluorescing stains or RFP-fusions.
28. Bleed-through to the GFP channel is low but existing. This should be kept in mind when combining DiIC12 with GFP fusions with a weak fluorescence signal, and bleed-through controls should be included. For yet unknown reasons, DiIC12 might also influence signal intensity of
